Purpose The goal of this study was to develop an immunodeficient rat model of retinal degeneration (RD nude rats) that will not reject transplanted human cells. Methods SD-Tg(S334ter)3Lav females homozygous for a mutated mouse rhodopsin transgene were mated with NTac:NIH-Whn (NIH nude) males homozygous for the Foxn1 rnu allele. Through selective breeding, a new stock, SD-Foxn1 Tg(S334ter)3Lav (RD nude) was generated such that all animals were homozygous for the Foxn1 rnu allele and either homo-or hemizygous for the S334ter transgene. PCR-based assays for both the Foxn1 rnu mutation and the S334ter transgene were developed for accurate genotyping. Immunodeficiency was tested by transplanting sheets of hESC-derived neural progenitor cells to the subretinal space of RD nude rats, and, as a control, NIH nude rats. Rats were killed between 8 and 184 days after surgery, and eye sections were analyzed for human, neuronal, and glial markers. Results After transplantation to RD nude and to NIH nude rats, hESC-derived neural progenitor cells differentiated to neuronal and glial cells, and migrated extensively from the transplant sheets throughout the host retina. Migration was more extensive in RD nude than in NIH nude rats. Already 8 days after transplantation, donor neuronal processes were found in the host inner plexiform layer. In addition, host glial cells extended processes into the transplants. The host retina showed the same photoreceptor degeneration pattern as in the immunocompetent SD-Tg(S334ter)3Lav rats. Recipients survived well after surgery. Conclusions This new rat model is useful for testing the effect of human cell transplantation on the restoration of vision without interference of immunosuppression.
Introduction
Diseases of photoreceptors and retinal pigment epithelium (RPE), such as retinitis pigmentosa and age-related macular degeneration, affect millions of people and lead to irreversible vision loss [1] [2] [3] [4] [5] . Current treatment approaches, such as nutritional supplements [6] , growth factors [7] [8] [9] , transplantation of RPE [10, 11] , or retinal progenitors [12] target early disease stages with the aim to delay retinal degeneration and do not aim to replace lost photoreceptors. Replacing photoreceptors with transplants of dissociated photoreceptor precursors has been demonstrated, but the cells can only develop full photoreceptor morphology when a photoreceptor layer is still present [13] [14] [15] and do not survive long term because they can elicit immune responses [16] . In contrast, transplantation of fetal-derived retinal sheets (with and without its RPE) has shown long-term photoreceptor replacement and visual restoration in animal models [17] [18] [19] and visual improvements in phase 2 clinical trials [20] . However, since the supply of fetal tissue is limited and its use controversial, an alternative source of donor tissue is needed. Several groups are working on differentiating human (embryonic or induced) pluripotent stem cells into retinal progenitors and photoreceptors [21] [22] [23] [24] [25] [26] [27] [28] .
To demonstrate efficacy, human stem cell-derived retinal cells can be transplanted as xenografts to animal models of retinal degeneration. However, xenografts require immunosuppression or an immunodeficient host. Chemical immunosuppression may negatively influence transplant differentiation and survival and is very labor-intensive.
Therefore, we sought to create an immunodeficient rat model of retinal degeneration, derived from a cross between transgenic retinal degenerate rats and athymic nude rats. Transgenic rats expressing mutant rhodopsins with varying rates of photoreceptor degeneration had been created in the 1990s [29] [30] [31] . The SDTg(S334ter)3Lav transgenic stock was selected because it shows a relatively fast degeneration rate [31] both in homozygotes and hemizygotes, and has been used in previous experiments. Athymic nude rats carry a mutation of the Foxn1 gene and do not have T-cells [32, 33] . These rats have been used in many transplantation studies [34] [35] [36] [37] . Crossing both strains resulted in immunodeficient rats that showed the same retinal degeneration rate as the original SD-Tg(S334ter)3Lav rats. Immunodeficiency was tested by analyzing transplants of ESC-derived neural progenitor cell sheets to the subretinal space up to 6 months (176-184 days) after surgery. Our data show that this new strain is u s e f u l f o r x e n o g r a f t i n g h u m a n c e l l s w i t ho u t immunosuppression.
Materials and methods

Experimental animals
For all experimental procedures, animals were treated in accordance with the NIH guidelines for the care and use of laboratory animals and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and under a protocol approved by the Institutional Animal Care and Use Committee of UC Irvine.
Founder breeders of S334ter line 3 transgenic rats [Tg(S334ter)3Lav] were received as a gift from Dr. Matthew LaVail (UCSF) in 1999. The rats were originally produced by Chrysalis DNX Transgenic Sciences, now Xenogen Biosciences (Princeton, NJ, USA). The transgene carried by these rats contains a mutant mouse rhodopsin (Rho) gene with a terminal stop codon affecting residue 334. This results in a protein that lacks the terminal 15 amino acids and thus all the phosphorylation sites [29] [30] [31] .
The breeding scheme is shown in Fig. 1 . SDTg(S334ter)3Lav animals were bred to NTac:NIH-Whn (NIH nude) rats from Taconic (Rensselaer, NY, USA) in a breeding contract with Taconic. The resulting stock, SDFoxn1 Tg(S334ter)3Lav, was donated to the Rat Resource and Research Center (RRRC) at the University of Missouri (www.rrrc.us) where it was re-derived for distribution (RRRC #539). The Foxn1 rnu mutation carried by NIH nude rats results in T-cell deficiency and immunodeficiency. Since homozygous nude (Foxn1 rnu /Foxn1 rnu ) females are poor breeders [38] , the strain was maintained by intra-strain mating between heterozygous +/Foxn1 rnu ) S334ter Tg-positive males (see Fig. 1 , breeding scheme). This provided rats suitable for study that were both homozygous nude and Tg positive (immunodeficient and retinal degenerate). The new strain, SD-Foxn1Tg(S334ter)3LavRrrc (RRRC#539), as well as the original strain, SD-Tg(S334ter)3Lav (RRRC#643), are available through the Rat Resource and Research Center at the University of Missouri (www.rrrc.us) as cryopreserved embryos and sperm. Rats maintained at Ta c o n i c a n d a t t h e R R R C w e r e h o u s e d i n microisolators.
Genotyping
Assays for both the Foxn1 nude mutation and the S334ter transgene were developed for accurate genotyping of animals. DNA was extracted from tail biopsies using the DNeasy Blood and Tissue kit (Qiagen, Valencia, CA, USA) following the manufacturer's protocol.
For determining the presence of the S334ter-transgene, 20-μl PCR reactions were set up with 10 μl of Ext-n-amp Solution (Sigma, St. Louis, MO, USA), 0.3 μl of each 25 μM primer and 40 ng of genomic DNA. Primer sequences were R539A: 5′-TGG GAG ATG ACG ACG CCT AA-3′ and R539B: 5′-TGA GGG AGG GGT ACA GAT CC-3′. Thermal cycling conditions were: 1 cycle of 94°C for 5 min; 35 cycles of 94°C for 30 s, 66°C for 30 s, and 72°C for 1 min; 1 cycle of 72°C for 10 min. The expected amplicon is 350 bp. All samples were analyzed by capillary electrophoresis on a QIAxcel (Qiagen) with the QIAxcel DNA Screening Kit, QX Alignment Marker 15 bp/1 kb and QX DNA Size Marker 50-800 bp. Conditions were as follows: method, AM320 injection: 10s at 5KV, separation: 320 s at 6KV (see Fig. 2a ).
For detecting the single base pair change (C to T) at nucleotide 1429 of the Foxn1 gene, a TaqMan assay was developed. Primers R363F 5′-GCAGACCTACCCACACCT TTCTC-3′ and R363R 5′-CTGGGCCTGCAGATCAAGAT-3′ and probes R363A (FAM-labeled) 5′-CAT TGT TTT CAt AGC CAG A-3′ and R363B (VIC-labeled) 5′-CAT TGT TTT CAc AGC CAG-3′ were used. The lowercase letter indicates the base pair found in the wild-type allele (detected by probe R363B) or the mutant allele (detected by probe R363A). The probes were ordered from Applied Biosystems (St. Louis, MO, USA). Twenty-microliter PCR reactions consisting of 20 ng genomic DNA, 2X TaqMan Universal Master Mix (Applied Biosystems), 0.9 μM of each primer, and 0.2 μM of each probe were performed in an ABI Prism 7000 Sequence Detection system (Applied Biosystems) with the following thermal cycling conditions: 50°C for 2 min; 95°C for 10 min; 40 cycles of 95°C for 15 s, 60°C for 1 min. Allelic discrimination analysis was performed with the ABI 7000 SDS software (see Fig. 2b ).
Differentiation of hESC-derived neural progenitor cells
Human embryonic stem cells (hESCs) of the H7 line were differentiated into neural progenitor cell sheets (in laminin, collagen matrix) (after [39] ). Cells were expanded on Matrigel (BD Biosciences, San Jose, CA, USA) using conditioned media by a mitotically inactivated mouse fibroblast feeder layer, containing 10 ng/ml FGF. The cells were passaged every 5-7 days using 1 mg/ml collagenase IV (Invitrogen, Carlsbad, CA, USA) with a splitting ratio of 1:4 to 1:6. After reaching 75-100 % confluence, hESC cells were induced to differentiate in non-adherent flasks by exposing the cells to "induction media" (serum-free) consisting of DMEM/F12 high-glucose, B27 supplement, Insulin-Selenite-Transferrin (IST), triiodothyronine (T3), Taurine 2.5 g/l; hyaluronic acid (HA) 250 mg/l; Dickkopf-1 (Dkk) 25 ng/ml, LeftyA (TGF-beta ligand and antagonist of Nodal signaling) 50 ng/ml, FGF 5 ng/ml (Invitrogen, Carlsbad, CA, USA). Retinoic acid (RA, 10 μM) was added from day 10 to 13, diluted from a 20 mM stock solution in dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO, USA). Cells were fed every 2nd day. Formation of cell aggregates (embryoid bodies) was observed after day 7. On day 21, cells were dissociated by collagenase and replated on adherent dishes coated with Laminin and collagen type 1, in "maintenance media" (DMEM/F12 high-glucose, B27, IST, T3, Taurine 2.5 g/l; hyaluronic acid 250 mg/l, FGF 5 ng/ml) and cultured until day 36-44. Cells formed multilayered sheets of varying thickness. Transplantation of hESC-derived neural progenitor cells Neural progenitor sheets were placed into cold Hibernate E medium, and stored on ice for up to 6-8 h. Sheets were detached from the dish using a specially made spatula, and cut into rectangular pieces of 1.0-1.3 mm 2 as measured with a micro-measurement tool. Before transplantation, the tissue was picked up into the flat plastic nozzle of a custom-made implantation instrument (U.S. Patents # 5,941,250; # 5,941,250; and # 6,156,042; described in detail in [40] ). The tissue was cut exactly to the space in the nozzle tip, and was inserted flat (not rolled up) into the nozzle tip. The instrument has a fixed plunger/mandrel and a moveable flat nozzle. The volume in the nozzle tip can be pre-determined, and the nozzle can be locked in place with the loaded tissue.
Sheets were transplanted to the subretinal space of 12 RD nude rats (39-45 days old), and, as a control, eight homozygous NIH nude (Foxn1 rnu /Foxn1 rnu ) rats (43-51 days old). Rats were anesthetized by i.p. injection of ketamine/xylazine (37.5 and 5 mg/kg), and pupils dilated by Atropine eye drops (Akorn Pharmaceuticals, Lake Forest, IL, USA). The right eye served as non-surgery control and was covered by artificial tears ointment (Fougera Pharmaceuticals, Melville, NY, USA). The superior area of the left eye between two varicose veins was exposed. A small incision (0.5-1 mm) was cut behind the pars plana. The loaded implantation instrument was inserted into the subretinal space and advanced further, nasal to the optic disc. After reaching the target area, hESCderived sheets were placed into the subretinal space and the instrument withdrawn. The incision site was closed with 10-0 sutures, and the cornea covered with artificial tears ointment. Rats were recovered from anesthesia in a Thermocare incubator. Rats were housed in sterile microisolator cages.
Histology and immunohistochemistry ESC-derived neuronal progenitor sheets not used for transplantation were fixed with 4 % paraformaldehyde, infiltrated with 30 % sucrose, and frozen in OCT (optimal cutting compound) in isopentane on dry ice for 10-μm cryostat sections.
Rats were killed between 8 and 184 days after surgery (age 51-227 days = 1.7 to 7.4 months), and perfusion-fixed. Dissected eye cups were post-fixed with cold 4 % paraformaldehyde in 0.1 M Na-phosphate buffer for several hours. After washing with 0.1 M Na-phosphate buffer and further dissection, eye cups were infiltrated with 30 % sucrose, and frozen in OCT. Dissected eye cups were photographed and transplant sizes (thickened retinal area) were measured before embedding. Cryostat sections [cross sections along the dorso-ventral (superior-inferior) axis] were incubated in HistoVT One (Nacalai Inc., San Diego, CA, USA; 1:10 dil., 20-30 min. at 70°C) for antigen retrieval, washed with PBS (phosphate buffered saline: 0.1 M NaCl, 0.05 M Na-phosphate buffer, pH 7.2), blocked for at least 30 min in 20 % goat serum, and incubated with various antibodies overnight at 4°C (Table 1) . After 3× washing with PBS, fluorescent secondary antibodies (1:200, Invitrogen [Molecular Probes]) were used for at least 30 min at room temperature. After further washing with PBS, sections were coverslipped using DAPI (4′6′-diamidino-2-phenylinode hydrochloride) containing Vectashield mounting medium (Vector Labs) to label nuclei blue fluorescent. Sections were imaged using a Nikon FXA fluorescent microscope or a LSM710 confocal microscope with settings for DAPI, FITC, and TRITC.
Results
Breeding and genotyping of new rat strain
It took about 10 months (from April 2009 to February 2010) and several crosses and back-crosses to consistently produce rats that were both homozygous for the Foxn1 rnu allele and carried the S334ter-3 transgene (Fig. 1 ). Animals were genotyped for the S334ter transgene and the Foxn1nude mutation using PCR-based assays (Fig. 2a, b) , transgene-positive males to provide homozygous nude Tg S334ter-positive rats (RD nude) suitable for study. Rats were bred further by Taconic until April 2011 before being donated to the RRRC where they were re-derived for distribution.
Retinal degeneration in RD nude rats
Once the new rat stock (RD nude) was established, 12 RD nude rats were shipped and used for transplantation in one eye. Non-surgery eyes of these RD nude rats were analyzed by immunohistochemistry for various retinal markers at the ages of 1.7 to 7.4 months (51 to 221 days). At the age of 1.7 months, rods had almost completely disappeared (Fig. 3a) , although a few rhodopsin immunoreactive cells with abnormal morphology were still remaining at the age of 7.4 months (Fig. 3j) . A progressive loss of cones was observed by immunohistochemistry for recoverin (Fig. 3a, d, g, j) , RG opsin (Fig. 3b, e, h, k) , and arrestin (Fig. 3c, f, i, l) . Extensive retinal remodeling was present at the age of 7.4 months (Fig. 3j,  k, l) . This degeneration is similar to the original standard Tg strain, immunocompetent hemizygous pigmented SD-Tg(S334ter)3Lav rats [31] .
Characterization of hESC-derived neural progenitor sheets used for transplantation Many cells of the hESC-derived neural progenitor sheets stained for the neural nuclei marker NeuN and the transcription factor Pax 6 at day 44 of differentiation ( Fig. 4a) , and for the neuronal marker MAP2 at day 36 of differentiation ( Fig. 4b) The intermediate filament Vimentin was expressed by all cells at day 36 (Fig. 4b) . At day 36, some cellular processes were stained for cellular retinaldehyde binding protein (CRALBP), a marker of RPE cells and Müller glia (Fig. 4c) . Many cells were stained for Chx10 (vsx2), a transcription factor specific for retinal progenitor cells at day 44 (Fig. 4d) , and Otx2, a transcription factor in forebrain and eye development at day 36 (Fig. 4e) . Very few cells were stained for the photoreceptor precursor-specific transcription factors NRL at day 44 (Fig. 4f) . No stain was found for more mature cell markers such as recoverin (Fig. 4e) , glutamine synthetase (Fig. 4f) , rhodopsin, or protein kinase C alpha (data not shown).
hESC-derived neural progenitor sheet transplants in RD nude and NIH nude rats Recipients of sheet transplants survived well; only one rat died of unknown causes at 4.1 months after surgery Table 2 ). Transplants formed whitish tissues and grew in size to cover up to a sixfold portion of the original area (Table 2 , Fig. 5 ). Most of the growth appeared to occur at 26-28 days (0.9 months) after transplantation ( Table 2 ). Up to 8 days after transplantation, a clear glial boundary between transplant and host could still be observed (Fig. 6a) . Although the hESC-derived neural progenitor sheets had been placed into the subretinal space, migration into the host retina was observed at 26-28 days after transplantation, both in transplants to RD nude rats (Figs. 6b, d and 7a-d) and to NIH nude rats (Fig. 8a-c) . Host glial cells extended processes into the transplant and migrated into the transplant (Fig. 6b, e) . Few transplant cells were immunoreactive for CRALBP at 28 days after transplant (Fig. 6c ), but at later stages there was more CRALBP expression (Fig. 6e) . Host and transplant cells showed GFAP immunoreactivity at 26 days after surgery (Fig. 6d) and at later time points (data not shown). Neuronal processes of human donor cells, clearly identified by antibodies for ß-III-tubulin (Figs. 7a and  8a) and by an antibody specific for human neurofilament, i.e., human neuronal processes (Figs. 7e, i and  8d, g ), were very dense in the transplant area and extended into the host inner plexiform layer. These donor processes were also immunoreactive to MAP2, a marker for neuronal processes (Fig. 7c, g, k) . Donor cells did not express the retina-specific marker recoverin (Figs. 7b, f, g and 8b, e, h ), which labeled host photoreceptors (remaining cones in RD nude rats and rods and cones in NIH nude rats) and cone bipolar cells. The hESC-derived neural progenitor cells migrated extensively from the transplant sheets throughout the host retina, which eventually resulted in the loss of the host retinal structure in the RD nude rats (Fig. 7f-k) . NIH nude rats partially lost their outer nuclear layer over the transplant (Fig. 8b, e, h ). Migration was much more extensive in RD nude than in NIH nude rats (data not shown). Transplant cells did not express PKCα, a marker for rod bipolar cells in the retina, at 26-28 days after surgery (Figs. 7d and 8c ), but showed dense PKCα-immunoreactive processes at later time points (Figs. 7h, l  and 8f, i) . The morphology of transplant PKCα-immunoreactive cells was completely different from host rod bipolar cells. 
Discussion
A new immunodeficient retinal degenerate rat strain has been created that will be useful in studying the effect of human cell transplantation, especially on restoration of visual responses.
Retinal diseases affect millions of people. Once photoreceptors have degenerated, they cannot be regenerated. Transplantation of fetal retinal sheets together with and without its RPE has resulted in visual improvements in animal models (review [17] [18] [19] ) and in human patients [20] . Several laboratories are working on transplantation of human stem cell-derived retinal progenitors or RPE cells with the goal of restoring vision using mostly immunosuppressed animal models [22-25, 27, 35, 41-43] . However, immunosuppression is very labor-intensive and can have negative effects on the health of the recipient, especially with long-term use; e.g., the most commonly used immunosuppressant cyclosporin A can have nephrotoxic effects [44, 45] . Thus, it would be advantageous to have an immunodeficient rat model of retinal degeneration. This is the first time that such a model has been created.
Due to the limited number of animals available, we have not been able to obtain data from earlier stages of retinal degeneration in this rat model. PCR data cannot distinguish between homozygous and hemizygous expression of the S334ter-transgene. However, the available histology clearly indicates that the retinal degeneration in RD nude rats (SDFoxn1Tg(S334ter)3Lav) follows the same pattern as in the original S334ter line 3 rat strain SD-Tg(S334ter)3Lav [31] .
The athymic nude rat (Foxn1
) is a popular model to test xenografts of human tissue [35-37, 46, 47] . However, it has a normal retina and therefore the effect of retinal transplants on visual restoration cannot be tested. Our laboratory has tried previously in vain to create a nude rat light damage model using continuous blue light (unpublished data). Photoreceptor death due to light damage apparently requires T-cells.
Other researchers have created immunodeficient disease models, mostly with mouse strains, mainly in tumor models [48] or in models of CNS disease and injury [49] (review [50] ). However, so far there is no report of an immunodeficient retinal degeneration model.
The hESC-derived neural progenitor cells used in this study were clearly too immature as indicated by their widespread migration and proliferation and did not develop into retinal neurons. However, our data demonstrate that these immature cells could further differentiate and migrate . (g, h) . GC ganglion cell layer, IP inner plexiform layer, IN inner nuclear layer, ON outer nuclear layer, RPE retinal pigment epithelium, H host, T transplant extensively throughout the retina and into the choroid. The cells did not express PKCα at early time points, but showed strong PKC expression later. It has been shown that human neural progenitors migrate much further distances than rat or mouse neural progenitor cells in the nude rat brain [49] . This was similar to what was seen in our study.
Future experiments will involve transplanting sheets of hESC-derived retinal progenitor cells, using improved protocols that can achieve "laminated" structures with photoreceptor precursors [25, 28, 51] .
Since this rat strain loses its rods early on, "direct effects" due to reconnection and "indirect effects" due to trophic factors can be distinguished by studying rod-specific visual responses, and by including controls with injecting trophic factors, and/or transplanting non-retinal neural progenitors. Several papers have demonstrated this point with transplants of rat fetal tissue (e.g., [52, 53] ). In any case, the point is that this rat strain allows studying the effects of human cell transplants on visual responses whether they act via trophic or direct replacement effects, without the interference of immunosuppressants.
The subretinal space, similar to the brain, was previously considered to be "immune privileged" [54], i.e., allografts of fetal retina or retinal progenitor cells survive in the subretinal space without immunosuppression [55] . Xenografts to the brain of newborn animals without a developed immune system are immunologically tolerated and survive unless the host is challenged [56] . Hambright et al. showed that xenografts of dissociated hESC-derived retinal progenitor cells can survive in the subretinal space without immunosuppression provided there is no break in the blood-retinal barrier [27] . However, their surgical approach through the cornea is not compatible with human vitreoretinal surgery.
Conclusions
This newly created immunodeficient rat model with retinal degeneration is useful for testing transplantation of human cells for improving or restoring vision. It can be used for various experimental approaches, transplantation of photoreceptor precursors, neural progenitor cells, or retinal progenitor sheets. Importantly, the RD nude rat provides a robust and improved animal model for the study of retinal degeneration and transplantation with better health than immunosuppressed rats. At the RRRC, it was not necessary to take extra measures like maintaining sterility while maintaining the rats under pathogen-free conditions in microisolator cages.
